Strains of the basidiomycete fungi Stereum hirsutum from the USSR and Sfereum complicatum from the eastern USA were interfertile, yielding viable, variable, meiotic progeny. However, interactions between paired homokaryotic mycelia of these species were unstable, yielding a uniform mycelial mat on the S complicafum side, but a macroscopically heterogeneous mycelium on the S hirsutum side. Hyphal tips excised from the interactions gave rise to colonies identifiable as one or other of the progenitor strains or two non-progenitor types (C-types and H-types). C-types were all morphologically similar to one another and resembled the S compIicQtunt progenitor except in being inaccessible to nuclear migration and in exhibiting a light-induced phenotypic switch. They could be isolated from both sides of interactions and were somatically compatible with one another. H-types were only isolated from the S. hirsutum side of interactions and had a range of morphologies, generally similar to the S. hirsutum progenitor. Pairings between H-types, and between H-types and C-types sometimes resulted in pigmented interaction zones due to somatic incompatibility. Single, dual and minisatellite DNA probes were used to investigate restriction fragment length polymorphisms in progenitor and derivative strains. Nuclear, but not mitochondrial DNA from both species was detected in all non-progenitor strains obtained from beyond the interaction interface. However, whereas S. complicatum-specific nuclear sequences were consistently present, the distribution of S. hirsutum-specific sequences varied, and was partly correlated with possession of H-type morphologies.
Introduction
Mating in eukaryotes results in the temporary or persistent co-existence of different sets of genetic information (genomes) within the same cell or cell line. Any disparity in the information contained in the associated genomes could lead to conflict and competition between them, and hence to considerable instability and variability in their relationships. An important issue therefore concerns the extent to which distinctive genomes brought together by mating can reconcile and/or benefit from their differences, and hence co-exist stably (Rayner, 1991) . By the same token, if they cannot co-exist stably, what may be the consequences in terms of evolutionary degeneration, diversification and speciation, and how may these be manipulated for technological applications? In many eukaryotes, it is difficult to address these issues directly. For example, in some cases, including many fungi, potentially unstable genomic relationships may be avoided if mating is followed more or less immediately by nuclear fusion and meiosis, such that the life cycle is predominantly haploid. Alternatively, as applies in many higher plants and animals, development follows a single associative event, the fusion of two, genetically unique nuclei in female cytoplasm to form a diploid zygote. The fact that all subsequent cell lineages are derived from the zygote may then restrict the potential for the different haploid nuclear genomes to form variable relationships, both with each other and with cytoplasmic genomic organelles (i.e. mitochondria and chloroplasts), in the same organism.
By contrast, in many basidiomycete fungi, mating allows reciprocal exchange and migration of numerous nuclei, but not mitochondria, between fused homokary-A. M. Ainsworth and others otic hyphal systems (e.g. Casselton & Economou, 1985; Hintz et al., 1988; May & Taylor, 1988) . This exchange culminates in the production of extensive heterokaryotic mycelia containingpopulutions of two types of nuclei with compatible mating-type alleles. The nuclei typically do not fuse until immediately prior to meiosis, which occurs in reproductive fruit bodies (basidiomes). The process of associating two types of nuclei within cytoplasmic backgrounds corresponding with two parents is therefore effectively repeated many times. This provides an opportunity for any potential variability in the outcome of particular genomic associations to be expressed.
Another important feature of these basidiomycete matings is that they appear to necessitate the override (Rayner et al., 1984) of somatic incompatibility systems that can cause a rejection response, evident as a demarcation zone, between genetically distinct mycelia. Such rejection responses in themselves provide an indication of the potential instability of genomic associations in basidiomycete mycelia.
Nonetheless, discussions of genetic relationships within and between basidiomycete populations commonly focus on absolutes. Homokaryotic strains are regarded either as compatible (+) or incompatible (-), and the outcome of a successful mating is effectively assumed to be homogeneous.
A different perspective comes from viewing basidiomycete mycelia as dynamic, heterogeneous systems in which the acceptance of nonself and stable genomic relationships implicit in a compatible mating are delicately counterpoised against the potential for instability and rejection of nonself due to somatic incompatibility (Rayner et al., 1984; Rayner, 1991) . From this perspective, the outcome of hyphal fusions between genetically different strains may be capable, particularly as the disparity between genomes is increased, of being variable, locally unpredictable and sensitively dependent on cytoplasmic conditions within the participants.
It is therefore interesting that whereas reciprocal matings within a breeding population usually give rise to a single, stable heterokaryon, matings between geographically or ecologically isolated populations can indeed have more complex and/or unstable outcomes (May, 1988; Ainsworth et al., 1990a, b) . It is now important to understand the molecular processes underlying such outcomes, and whether these involve genetic or epigenetic mechanisms, or both.
In this article, we describe an analysis of morphogenetic and molecular events associated with reciprocal exchange of nuclear DNA (nDNA) between homokaryons of two taxonomically distinct, but closely related species of Stereum, S. complicatum and S. hirsutum. Preliminary observations, concerning some of the morphological and cytological characteristics of interactions between these species were previously reported by .
For both species, the strains used were derived directly, i.e. without selection, inbreeding or mutagenesis, from outcrossing natural populations. In these populations, mating compatibility is controlled by a single, multiallelic, mating-type factor, and both homokaryons and heterokaryons possess hyphae with multinucleate compartments and verticillate (whorled) clamp connections. Genetically distinct heterokaryons, and homokaryons which for various reasons are not competent to mate, generally exhibit strong somatic incompatibility responses when paired (Ainsworth, 1987) .
Heterokaryons can be distinguished from homokaryons on the basis of their inaccessibility to nonself nuclei; in other words, when paired with a homokaryotic strain, the nuclei from the latter cannot gain entry to the former. On the other hand, the two different types of nuclei from the heterokaryon can gain access to the homokaryon, thereby generating heterokaryotic sectors containing the resident nuclear type and one or other of the accessing nuclear types (Coates et al., 1981 ; Coates & Rayner, 1985 u) . Alternatively, homokaryons and heterokaryons can be distinguished by use of genetic markers such as restriction fragment length polymorphisms (RFLPs) (Beeching et al., 1989) .
Methods
Strains, pairings on plates and cytology. The Stereum strains were obtained and assigned identification codes as described by . Pairings were made by placing mycelial disc inocula, 6mm diameter, cut from the edge of actively growing colonies, approximately 1 cm apart in the centre of 9 cm or 14 cm diameter plastic non-vented Petri dishes containing 15 or 50 ml 2% (w/v) malt extract agar (MA; 20 g Munton & Fison spray malt A, 20 g Lab M agar no. 2, per litre of distilled water). The plates were incubated at 25 "C in darkness for up to 6 weeks.
One combination of strains, designated JG 1.5 (S. complicatum) and EP18.7 (S. hirsutum) was selected for detailed analysis. The interaction plates were sampled by excising small pieces of mycelium, about 2-12 mm3, from various spatial locations on interaction plates and either using these directly to give rise to 821 cultures from single hyphal tips (following the method of Butler, 1984) , or transferring them to fresh medium to develop into 203 mature colonies. In early experiments, such sampling was done qualitatively, according to observed patterns of interaction, but later a more analytical procedure, dictated by preset time and space intervals, was adopted (see Fig. 1 ). Some subcultures from interaction plates eventually produced basidiospores. Some of these were used to isolate sets of up to 17 singlebasidiospore derivatives as described by Coates & Rayner (1985b) . Five sets of 100 spores and ten corresponding sets from wild fruit bodies from outcrossing British populations of S. hirsutum were stained with the fluorochrome DAPI (4,6-diamidino-2-phenylindole) as described by Hooley et al. (1982) , but without fixation. The relative DNA contents of these spores were measured using a Leitz MPV3 Fig. 1 . Quantitative sampling of an interaction between S. complicatum (left-hand side of the Petri dish, a), and S . hirsutum (right-hand side) paired on a 14 cm diameter malt agar plate. Sample plugs, 4 mm diameter were excised in a 5 x 4 pattern, at 2 or 3 cm intervals respectively (a). The samples were bisected and one half of each was transferred, in the same order as in the pairing, to a 100 cm2 square plastic Replidish with compartments containing malt agar (b), and the colonies allowed to grow out. Two plates at a time were sampled in this way at weekly intervals up to 5 weeks. The half of each sample not subcultured as shown was used to provide four hyphal tip derivatives as described in the text. One of these derivatives, from alternating sampling points at complementary positions on the two dishes was used for molecular analysis. The phenotypes of all hyphal tip and mass hyphal transfers were recorded.
microspectrofluorometer, with uninucleate basidiospores of Phanerochaete magnoliae (Bath University culture collection) as an internal standard.
Effects of light on phenotypic switching. Progenitor homokaryons, a variety of their siblings, sibling and non-sibling composed heterokaryons of each species and derivative strains from the interactions were inoculated at the centre of 9 cm diameter Petri plates of 2% MA.
The cultures were incubated at 20 "C for 15 d in an incubator with a 12 h light/dark cycle (light source, two 20 W Wotan daylight bulbs) and subjected in triplicate to four treatments. In treatment 1 the dishes were wrapped in aluminium foil throughout the incubation period. In treatment 2 they were wrapped for the first 6 d and then unwrapped for the remaining 9 d. In treatment 3 the dishes were unwrapped for the first 6 d and then wrapped. In treatment 4 the dishes were left unwrapped throughout.
Colour nomenclature. Colours produced by fungal cultures were identified according to Rayner (1970) .
Molecular analysis of interactions.
Progenitor and 94 hyphal tipderived isolates from interactions between JG1.5 and EP18.7 were grown in darkness on 8 cm diameter, sterile, plain, unsoftened, cellulose discs (350 POO, BCL Cellophane, Bridgwater, Somerset), overlying 2% MA at 25 "C. The mycelia were harvested, and their total DNA extracted, after 7-9 d as described by Ainsworth et al. (1990a, b) .
Restriction digestion, electrophoresis, Southern transfer and hybridizations were as described in Ainsworth et al. (1990a, b) with the following exceptions. The M13 minisatellite probe (Brocas et al., 1987) was prepared from the replicative form of M13mp8 (Sigma) as described by Devor etal. (1988) , and hybridization with this probe was as in Westneat et al. (1988) . In all cases radiolabelling was by the method of Feinberg & Vogelstein (1983) .
Morphological characteristics
In replicate pairings of the same combination of S. complicatum and S. hirsutum strains the interaction patterns were broadly similar, though varied in detail. However, different combinations of strains produced contrasting patterns (Fig. 2) . In all cases, flattened zones of mycelium bounded by watery droplets, indicative of access of nonself nuclei (e.g. Ainsworth , formed in both strains. These were superseded by the development of a uniform mycelial mat, similar to the progenitor, on the S. complicatum side of interactions, contrasting with a markedly heterogeneous mycelium on the S. hirsutum side.
Hyphal tip derivatives from the interaction between JG1.5 and EP18.7 sometimes resembled, in their morphology and interactive properties, the homokaryotic progenitor on the side from which they were isolatedAlternatively, they were unlike the progenitors in being inaccessible to nuclear migration when paired with homokaryotic tester strains, and prone to become degenerative, with flat, luteous to sienna pigmented mycelia, during subsequent subculturing. These nonprogenitor derivatives increased in frequency as interaction time progressed (Table l) , and were broadly classifiable into two classes, H-types and C-types (Fig. 3) . C-types were obtained from both sides of the interactions, but morphologically resembled the S. complicatum progenitor. They showed some slight morphological variation, but were all somatically compatible with one another. Many of them exhibited a light-inducible phenotypic switch, producing dense, white, aerial mycelium when grown in darkness, but appressed, luteous to sienna pigmented mycelium when exposed to light/dark cycles (Fig. 4) . This switch was not seen in the progenitor, although it was present in some other S. complicatum homokaryons.
H-types were only obtained from the S. hirsutum side of interactions, resembled the S. hirsutum progenitor and lacked the light-induced phenotypic switch of C-types. They comprised a large (> 90%) group (Hs-types) of isolates that were morphologically similar to one another and few isolates (Hd-types) which differed, in pigmentation and degree of aerial mycelium production, both from one another and from Hs-types.
Mass hyphal transfers from the S. complicatum side of interactions yielded either C-types or pigmented cultures. Similar transfers from the S. hirsutum side often yielded colonies with distinctive sectors (Fig. 5) .
Pairings between Hs types showed no marked somatic incompatibility, whereas those between Hd-types or between Hs-and Hd-types produced luteous to sienna pigmented interaction zones. The most intense somatic incompatibility reactions were produced when Hd-types were paired with C-types. However, pigmented zones between Hs-types and C-types were either not produced or discontinuous.
Genomic interactions in Stereum
1 15 1 Fig. 3 . C-type (a) and H-type (6) non-progenitor colonies derived from hyphal tips isolated from the S. hirslttum side of interactions. Pairings of C-types and Hs-types against the progenitor strains are illustrated in Fig. 6 . Pairings between like phenotypes resulted in production of flattened zones suggesting nuclear access into the progenitors, superseded by establishment of a morphologically uniform mycelial mat. Pairings between Hs-types and the S. complicatum progenitor resulted in a luteous to sienna pigmented somatic rejection zone. Pairings between C-types and the S. hirsutum progenitor resembled the interaction between the homokaryons of these species, except that invasion of S. hirsutum was less extensive.
The acted similarly when paired against progenitor homokaryons and in sibling combinations. The interactions usually resulted in strongly luteous to sienna pigmented confrontation zones. However, non-progenitor types could sometimes be subcultured from near to these zones. It was not possible consistently to allocate the strains to complementary mating types. Second generation progeny from one of the strains were all morphologically identical and intermingled, implying that the strain was homokaryotic.
Molecular events during interactions
Sample data showing the results of analyses of nDNA and mitochondria1 DNA (mtDNA) in colonies derived from single hyphal tips and single basidiospores, and their relation to the origins and phenotypes of some of these derivatives on interaction plates, are provided in Figs 7-9. The data demonstrate the association, in common cytoplasm, of nDNA, but not mtDNA, derived from both species on both sides of the interaction (Figs 7  and 8 ). Segregation of markers from both progenitors into viable basidiospore derivatives is also shown (Fig. 9) .
Data obtained using the minisatellite probe M13 also suggest that the relative contribution of nDNA from the two species in non-progenitor strains was changeable. . c) of the S. hirsurum bands; tracks 9 (C-type) and 22 (H-type) were from the S. hirsutum side of interactions whereas the other tracks (all C-types) were from the S. complicatum side. No molecular mass markers were included.
Whereas S. complicatum-specific bands were detected throughout, irrespective of phenotype, the presence or absence of certain .S. -hirsutum-specific bands varied. Artificially mixing DNA from the two progenitors in varying proportions prior to hybridization did not reproduce this result. Some S. hirsutum-specific bands were ubiquitous in all derivatives. The possession of others appeared to be hierarchical, such that the derivatives fell into three categories. One category lacked all but the ubiquitous bands, and all the derivatives were C-types from the S. complicatum side of interactions (Fig. 7, tracks 3,5,6 , 10, 11,13, 18 and 20). Another category, consisting purely of H-types, possessed all S. hirsutum-specific bands (Fig. 7, tracks 7,12,16 and 17). The third category included both H-types and C-types (the latter from both sides of the interaction) and lacked certain, but not all S. hirsutumspecific bands (Fig. 7, tracks 4, 8, 9 , 14, 15, 21 and 22).
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Discussion
The present data show that homokaryons of S. hirsutum and S . complicatum are able reciprocally to exchange nDN A and produce variable basidiospore-derived progeny. In this sense the two taxonomic species are interfertile, and it is debatable whether or not they should be classified as separate biological entities. On the other hand, it is equally clear that their interaction is unstable and that the resulting genomic associations exhibit a variety of phenotypes, some of which are somatically incompatible. Moreover, these phenotypes do not range across a continuum from one species to the other, as might be expected from simple mixing in varying proportions, but rather fall into discrete C-and H-type categories.
A role for genetic mechanisms underlying the observed variation between phenotypes is indicated by the variation in DNA composition amongst nonprogenitor derivatives revealed by the M13 probe. The relative phenotypic dominance of S. complicaturn in the interaction is reflected by the consistent presence of the hybridization bands specific to this species in all the derivative strains. On the other hand, the apparent variation in presence of S. hirsutum sequences, some of which appeared to be required for an H-type morphology, is consistent with the heterogeneous outcome on the S. hirsutum side of interactions. Further work is required in order to understand the origin of this variation and whether it corresponds with any of the known recombinatorial or disruptive mechanisms in fungi. Somatic recombination between nuclei in basidiomycete heterokaryons has been implicated by several studies (e.g. Ellingboe, 1964; Frankel & Ellingboe, 1977; Marmeisse, 1991) . However, it has usually only been detected under highly selective and restrictive conditions, and the underlying molecular mechanisms are unresolved. The absence of variation in the presence of S. complicatum-specific bands in the hybridization profiles would appear to eliminate meiotic or pseudomeiotic recombinatorial mechanisms affecting all chromosomes.
A role for epigenetic mechanisms, based on variation in expression rather than composition of genetic instructions, comes in part from the relatively small genetic differences detected amongst derivative strains. In one case the M13 profiles of two strongly somatically incompatible C-and Hd-types (corresponding with tracks 21 and 22 in Fig. 7) were indistinguishable. Moreover, no major changes in ploidy were detected by examination of the DNA content in dervative basidiospores. Some evidence that genetically identical but phenotypically diverse strains can be generated from protoplast fusions between incompatible strains of the ascomycetous species Trichoderma harzianum has been provided by Stasz et al. (1989) . However, here the evidence for genetic identity was indirect, based on expression of isoenzyme polymorphisms rather than DNA composition as such. Another possible parallel, but this time with a prokaryote system, has been found in diploid cells expressing only one progenitor phenotype recovered following protoplast fusion in Bacillus spp. Such non-complementing diploids have been explained in terms of inactivation of one entire genome (Hotchkiss & Gabor, 1985) .
Some indication that the state of expression of nuclear genomes invading from different protoplasmic backgrounds may be crucial in determining phenotypic patterns was provided by the differing outcome between pairings of C-and H-types with the S. hirsutum homokaryotic progenitor. In both cases, the invading nuclear genome would be expected to be derived from S. complicatum. However, whereas H-types, where S. complicatum nDNA may not be expressed, eventually merged with the S. hirsutum progenitor, C-types, where S. complicatum nDNA is expressed, largely reproduced the effects of the original interaction between homokaryons. The differing outcome on either side of the original interaction could be explained by supposing that invasive S. complicatum nDNA is capable of being expressed in resident S. hirsutum protoplasm whereas S. hirsutum nDNA, with the possible exception of matingtype sequences, cannot be expressed in S. complicatum protoplasm.
Theoretically, resident protoplasm may determine the phenotypic outcome of immigration of nonself nDNA either on the basis of purely cytoplasmic genetic information or on the basis of nucleo-cytoplasmic interactions. The results show that S. complicatum nDNA can co-exist, and be expressed, with S. hirsutum mtDNA, yielding C-types somatically compatible with similar phenotypes containing S. complicatum mtDNA. Differences between the mitochondrial genomes per se cannot therefore explain the observed interaction pattern. On the other hand, there was no evidence that S. hirsutum nDNA could co-exist, and be expressed, with S. complicatum mtDNA. Moreover, there was no evidence that both S. hirsutum and S . complicatum nDNA could be co-expressed in the same protoplasmic compartment without giving rise to instability.
Where invading nDNA is expressed, there is a possibility of conflict with pre-existing nuclear-mitochondrial relationships in the resident protoplasm. Such conflict will intensify with genetic difference and may lead to degeneracy and cell death, for example, via activation of aromatic metabolism and associated protease and phenol oxidase enzyme systems. These systems in turn may provide the basis for somatic rejection (Rayner, 1991 ; Rayner & Ross, 1991) . By avoiding such co-expression, i.e. by suppression of invading or resident genes or genomes, rejection may effectively be overridden (Rayner el al., 1984) , but the resulting phenotypic outcome may be complex if there is inconsistency between which genome is suppressed.
Suppression of conflicting nDNA instructions may therefore be an important component of successful mating. In S. complicatum-hirsutum interactions we suggest that suppression is incomplete, perhaps because the degree of genetic difference reduces the efficacy of the mating compatibility factors. It is therefore of interest that very similar patterns of phenotypic instability have recently been detected in interactions between homokaryons of S. hirsutum with common mating compatibility alleles, but differing at another multi-allelic locus allowing nonself access (A. M. Ainsworth and others, unpublished) . These interactions result in a reaction described phenotypically as a 'bowtie' (Coates et al., 1981 ; . The varying phenotypic patterns observed in these interactions can again be explained in terms of varying states of expression of resident and invasive nDNA. The main difference from S. complicatum-hirsutum interactions is that some resultant heterokaryons revert readily to homokaryons and allow nuclear access.
The importance of past history in determining states of expression of invasive nuclear genomes in these interactions corresponds with a phenomenon, known as genomic imprinting, whose importance in eukaryote evolutionary processes is increasingly being recognized (Monk & Surani, 1990) . Understanding the underlying mechanisms in fungal systems may be important in future research.
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